We developed means to produce wafer scale, high-quality graphene films as large as 3 inch wafer size on Ni and Cu films under ambient-pressure and transfer them onto arbitrary substrates through instantaneous etching of metal layers. We also demonstrated the applications of the large-area graphene films for the batch fabrication of field-effect transistor (FET) arrays and stretchable strain gauges showing extraordinary performances. Transistors showed the hole and electron mobilities of the device of 1,100 ± 70 cm 2 /Vs and 550 ± 50 cm 2 /Vs at drain bias of -0.75V, respectively.
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Graphene and related materials have been intensively studied due to their fascinating electrical and mechanical properties. [1] [2] [3] [4] The recent advances in large-scale synthesis of graphene films by chemical vapour deposition (CVD) on Ni layers are expected to enable various macroscopic applications such as transparent conducting films useful for flexible/stretchable electronics. [5] [6] [7] However, the lack of efficient etching and transfer methods practically limited the scale of production, since, for instance, the etching time for Ni layers increases exponentially with the size of graphene films. On the other hand, the low-pressure growth of graphene on Cu foils is known to be advantageous in terms of controlled thickness and quality, but the included vacuum process would be unfavourable for cost and time-effective production. 8 Although the CVD method is advantageous for large-area growth of graphene, inevitably it requires a rigid substrate that can stand the high temperature above ~900 °C as well as an etching process for removing catalyst layers, which precludes the direct use of graphene on asgrown substrates or the use of polymer substrates at low temperatures. 8 Therefore, the transfer of graphene films onto a foreign substrate is an essential process particularly for flexible/stretchable electronics based on polymers. [9] [10] [11] [12] [13] [14] [15] However, the transferrable size of graphene has been limited below a few centimeter scale due to the size limit of rigid substrates as well as the inhomogeneity of reaction temperature inside a CVD furnace.
Here we present a wafer scale ambient-pressure growth of high-quality graphene films as large as 3 inch wafer size on Ni and Cu films, followed by instantaneous etching of metal layers and polymer-supported transfer onto arbitrary substrates. This large area synthesis and transfer methods provide improved scalability and processibility of graphene films ready for use in wafer scale devices and flexible/stretchable electronics. We also demonstrate the applications of the large-area graphene films for the batch fabrication of field-effect transistor (FET) arrays and stretchable strain gauges showing extraordinary performances. and then the resulting graphene film on the polymer support is ready to be transferred onto arbitrary substrates. This approach needs just a few minutes to remove metal layers completely, while the previous wafer-size etching may take a few days. 6, 7 Next, the transfer printing delivers these films onto a polyethylene terephthalate (PET) film or a rubber substrate. An additional adhesive layer such as photo-curable epoxy films is 5 helpful for improving the transfer performance. Finally, conventional photolithography and reactive ion etching (RIE) with O 2 plasma are employed to pattern the graphene films for device applications. [17] [18] [19] Alternatively, the graphene on metal/SiO 2 /Si wafers can be pre-patterned in the same way before detaching and etching of metal layers. Figure 3a show some of representative photographs of graphene films grown on a 3 inch wafer. The wafer scale graphene films can be transferred on arbitrary substrates without altering their properties or layout. Figure 3b displays an optical image of these films printed on a transparent plastic sheet, which was positioned above a logo of SKKU and Samsung to illustrate the level of optical transparency. Usually, the waferscale graphene growth on Ni layers hardly produces monolayer graphene, but it is advantageous in terms of patterned growth for microelectronics. 7 The outstanding mechanical and optical properties may create a possibility of using the large-area graphene as flexible transparent electrodes 8 . In order to demonstrate such capability, we also transfer the graphene films on flexible PET and stretchable elastomeric PDMS substrates (Figure 2c,d) , showing excellent electromechanical modulation as we will discuss later. By using the pre-patterned graphene on the metal layer, we transferred various sizes and shapes of graphene film to a flexible substrate. The three-element rosette strain gauge is an example of large-area pattern (Fig. 2e) . (GF) of the strain sensor can be calculated using following equation
where ΔR/R and ε denotes a relative resistance change and the strain induced to gauge, respectively. The corresponding piezo-resistance gauge factor is 6.1, which is much better than that of conventional strain gauges based on metal alloys. 21 In summary, we have demonstrated a promising route to synthesize and transfer wafer scale graphene films that are highly conducting and transparent. Developing 
